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In this thesis, the physical and electrical alterations caused by local oxidation 
nanolithography (LON) on highly oriented pyrolytic graphite (HOPG) are characterized. 
The LON is an atomic force microscopy (AFM) based technique that applies a positive 
bias to the sample relative to the AFM tip, leading to an electrochemical oxidation of the 
sample surface. If these physical and electrical alterations due to LON are well understood, 
this could yield a higher degree of control over tailoring the surface to become conductive, 
semiconductive or insulative in nature. The advantages of LON include room temperature 
operation in a non-vacuum environment, less steps to fabricate nanoscale devices, reduced 
photoresist residues, and an ability to perform metrology in situ. 
First, we characterized patterns obtained through LON on HOPG as the write bias, 
write speed, and write force were varied. We organized patterns formed as either– bumps, 
cracked bumps, or trenches–which were characterized using four shape descriptors–pattern 
width, pattern height, cut width, and cut depth. This was the first reported attempt to 
characterize LON patterns on HOPG with shape descriptors. These findings help solve the 
mystery of why bumps were not reported at threshold voltages before 2008. 
Subsequently, the electrical nature of the LON patterns were characterized using 
Kelvin probe force microscopy (KPFM); only write force was varied during this study. The 
in situ KPFM after LON allowed mapping LON-induced changes in work function and 
capacitance gradient (dC/dz) of the surface, the latter being an indicator of a change in 
iv 
dielectric permittivity of the surface. This was the first attempt to characterize LON 
patterns using KPFM in-situ 
The findings of this thesis hold potential to make LON a more repeatable process. 
For future work on LON, it was also shown that the tip conditions need to be checked 
consistently using cantilever resonance frequency and scanning electron microscopy, and 
an environmental cell should be used to control the relative humidity around the tip. 
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The overarching goal of this thesis work was to further our understanding of local 
oxidation nanolithography (LON) on highly oriented pyrolytic graphite (HOPG) and 
thereby gain means to increase control over the surface modification. Nanolithography 
through local surface oxidation is a promising method to fabricate devices using carbon 
materials such as HOPG and graphene.  
Figure 1-1 shows one of the hypothesized process responsible for LON, where 
humidity is required to form a water bridge between the atomic force microscope (AFM) 
tip and graphene. An electric field between the AFM tip and the HOPG cause water 
Figure 1-1: Schematic demonstrating LON of graphene. 
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molecules in the meniscus to split into H+ and OH- ions, where the OH- ions are driven to 
the graphene sheet (positively biased) to oxidize its carbon atoms. Due to the current 
complexity of fabricating graphene-based devices, HOPG was chosen as the dominant 
sample for LON patterning. HOPG provided a relatively straightforward preparation cycle 
and a consistent atomically flat surface, layered nature, and electrical conductivity, and 
considerable similarity to graphene made it ideal for studying LON. Currently, e-beam 
lithography and oxygen plasma etching have been used to achieve similar results, but these 
processes yield relatively less control over the nanoscale chemistry of HOPG, in contrast, 
LON holds the potential to control. All samples were observed using non-contact mode 
and Kelvin potential force microscopy (KPFM), where KPFM was used to observe etching 
chemistry post-LON. 
 Problem Statement 
The goal of this project was to gain further understanding of LON patterned on 
HOPG by studying topography, work function, and dC/dz of areas affected by this process. 
In addition, tip condition post-LON was observed and in future work a re-engineered 
approach to reduce oxidation rate has been discussed. 
 Research Objectives 
To do so, the following objectives were identified. 
1. To master contact, non-contact, tapping, and Kelvin probe force microscopy 
(KPFM) on the Agilent 5420 AFM 
2. To Master LON, create modifications to the Agilent 5420 AFM to gain further 
control over LON, and re-engineer an enclosure to control humidity during the 
LON process 
3 
3. To further understand the effects of LON (sample bias, write speed, and write force) 
have on HOPG, and the effect LON has on tip condition. 
 Thesis Structure 
Chapter 2 describes the background of Local Oxidation Nanolithography, a brief 
discussion of the process and the previous experiments with LON carried out for HOPG 
and graphene. 
Chapter 3 describes the methodology used for this research, calibration techniques, 
and a brief discussion on HOPG and its preparation. 
Chapter 4 shows the results obtained from experiments that varied sample bias, 
write speed, and write force, and the physical presentation of experimental data models on 
LON. 
Chapter 5 shows the results obtained from varying write force, the physical, work 
function, and dC/dz presentation of experimental data models on LON, and AFM tip 
condition post-LON. 
Chapter 6 concludes the research works and discusses some of the future work that 









 Brief History of Atomic Force Microscopy (AFM) 
Considering that scanning tunneling microscopy only had the capability to scan 
samples that were conductive, researchers developed the AFM to image non-conductive 
materials with more precision. In 1986, Binnig came up with the idea for the AFM, where 
he used an ultra-small probe at the end of a cantilever [1]. The first AFM operated in contact 
mode, touching the sample surface physically, where when the cantilever experienced 
deflection caused by the tip-sample interaction, it would reveal the sample surfaces. 
In 1987, Wickramsinghe developed a vibrating cantilever technique, which was a 
non-contact mode of operation [2]. The non-contact mode operation was an effort to more 
accurately image soft biological samples where the cantilever oscillated at its resonant 
frequency at a small distance above the sample surface. A constant distance was maintained 
during scanning between the tip and the sample, and the changes in amplitude, frequency, 
and phase induced by attractive long-range forces were recorded. Wickramsinghe’s group 
later used a conductive probe to image contact potential/surface potential on surfaces 
through a technique now commonly known as Kelvin potential force microscopy (KPFM) 
[3, 4]. 
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The tapping mode of operating an AFM was introduced in 1993 where the 
cantilever oscillates at its resonant frequency, but unlike non-contact mode the cantilever 
gently touches the sample surface during scanning [5]. Smaller cantilevers having a tip 
radius at the nanoscale were developed in 1996, which enabled very high-resolution 
scanning with AFM [6]. 
 Working Principle of AFM 
The basic components of an AFM are the tip, the cantilever, the laser beam, and the 
four-quadrant photodetector, Figure 2-1. AFM differs from other kinds of non-optical 
microscopy as it offers imaging under practical conditions such as air or liquids. The AFM 
uses a very sharp probe called the tip to scan over the area of interest. The tip-sample 
interactions are measured to plot different results such as surface topography, charge 
density, magnetic field, adhesion, and friction [7]. 
 
When the tip approaches the sample surface, the surface exerts an attractive force 
on the tip, causing the cantilever to deflect in the direction of the sample surface, as seen 
in Figure 2-2. But as the tip approaches closer to the surface, the repulsive force takes 
Figure 2-1: Components of an AFM. 
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over, which in turn causes the cantilever to deflect away from the surface. Depending on 
the sample environment, the attractive force on the tip could be a result of the AFM tip 
piercing the contamination layer (adsorbed water or hydrocarbon layer) on the sample 
surface, or the ambient humidity inducing the formation of a water meniscus between the 
AFM tip and surface. Most AFM scans performed in ambient air can be thought of to be 
imaged inside a mixture of water and hydrocarbons. The thickness of this meniscus 
typically measures from a few nanometers to tens of nanometers depending on the surface 
and the local environment. 
 
A laser-photodiode setup, known as the optical lever, as shown in Figure 2-1, is 
used to record the cantilever deflection towards or away from the surface. So, it is essential 
to use highly reflective cantilevers for scanning. The reflected beam is recorded in a 
position-sensitive photodiode, with a sensitivity of 0.1 nm. There are four quadrants in the 
photodiode, and the cantilever deflection is calculated from the slight changes in the 
direction of the reflected beam. 
Figure 2-2: AFM force curve indicating different AFM working regions. 
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During the sample scanning, the AFM uses a feedback loop to maintain height of 
the tip above the sample surface, which helps in maintaining a constant laser position. The 
change in photodetector readings at new locations and the feedback provided to maintain 
contact cantilever deflection is used to plot the surface topography. 
 Components of AFM 
2.3.1 AFM Cantilever Tip 
The AFM is a delicate machine considering its intended scan magnitude verges on 
the atomic scale. The most delicate part of the AFM is the tip which is part of the probe of 
the AFM. Probes vary in geometries, spring constants, materials of construction, and 
resonance frequencies depending on the probe's intended purpose. Most probes are made 
from silicon or silicon nitride with a conductive coating (platinum, gold, aluminum) if the 
purpose of the probes is for conductive reading. If the tip is used in contact mode, then the 
spring constant of the probe should be less than 1 N/m. Such cantilevers are made with an 
estimated value via fabrication process using the formula in Eq. 2-1, where k is the spring 
constant, E is Young's modulus of the material, t is the thickness, w is the width, and l is 




 Eq. 2-1 
As seen in Figure 2-3, AFM probes are usually fabricated with a pyramidal tip 
geometry with a tip radius ranging up to 50 nm and have a reflective coating on top of the 
cantilever for high laser reflectivity. AFM tips vary depending on their applications. 
8 
 
2.3.2 Piezoelectric Scanner 
The AFM scanners are piezo ceramics whose primary purpose is to control the 
movement of the tip over the sample surface precisely in x, y, or z-directions. The 
piezoelectric expands or contracts depending on the potential difference applied in 
respective directions. 
 Modes of AFM 
2.4.1 Contact Mode 
This mode of scanning on the AFM is achieved by bringing the tip of the cantilever 
in contact with the sample surface and gently dragging the tip while scanning in an x-y 
raster pattern, as seen in Figure 2-4. The feedback loop maintains a preset constant 
deflection force by moving the z scanner for each x-y coordinate. Changes in the z-axis are 
recorded to form a topographical image of the sample surface. The repulsive force applied 
to the cantilever is around 10−9 N, which is set by pushing the cantilever against the sample 
surface with the piezoelectric scanner [5]. In contact mode, the cantilever deflection is 
detected from the DC feedback amplifier and compared to a desired value of deflection. If 
the deflection detected does not satisfy the desired value, a charge is applied to the piezo 
crystal for deflection from the DC amplifier to match the desired deflection. The value of 
Figure 2-3: Side view and front view of an AFM tip. 
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the voltage applied by the feedback amplifier is used to plot the height of the sample surface 
in topography images. Topographical imaging tends to have higher resolution for contact 
mode scans; increased wear on the cantilever tip is the most significant drawback of this 
form of AFM scanning. The extra tip wear is caused by excess pressure on the tip, and 
nicks on the sample surface from the tip dragging on the sample surface. 
 
2.4.2 Non-Contact Mode 
Non-contact mode on the AFM involves imaging without coming in contact with 
the sample [7]. For this mode, the tip oscillates 50-150 Angstroms above the sample surface 
while van der Waals forces act between the tip and the sample. As the attractive forces 
between the tip and the sample are low in comparison to that found in contact mode, there 
is a smaller oscillation given to the tip, as seen in Figure 2-5. In turn, the method detects 
small forces between the tip and the sample by measuring the changes in amplitude, phase, 
or frequency of the oscillating cantilever in response to force gradients from the sample. 
 
Figure 2-4: AFM contact mode operation. 
Figure 2-5: AFM non-contact mode operation. 
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The formula found in Eq. 2-2 is used to determine the resonant frequency in 








While the oscillating cantilever approaches near the sample surface, the force 
gradient experienced by the cantilever will increase, thereby causing a decrease in the 
resonant frequency. The amplitude of the cantilever vibration at a given frequency changes 
due to changes in resonant frequency and the value is used for imaging the samples. There 
is less chance of damaging the sample in non-contact mode as it is not touching the sample 
surface, but at the same time, it offers a lower resolution due to no physical contact with 
the sample. 
2.4.3 Tapping Mode 
Tapping mode is a hybrid between contact mode and non-contact mode scanning, 
serving as a solution to overcoming difficulties associated with both modes of imaging [5]. 
In tapping mode, with the help of a piezoelectric crystal the cantilever oscillates at, or near, 
the cantilever's resonant frequency while scanning over the sample surface and gently taps 
the sample. The piezo material also helps the cantilever to oscillate at a high amplitude 
when not in contact with the surface. When the vertically oscillating tip hovers at a 
frequency of 50,000 to 500,000 cycles per second and makes intermittent contact with the 
sample surface, as seen in Figure 2-6, then the cantilever oscillation is reduced due to the 
physical contact with the surface. The cantilever’s oscillation amplitude and its reduction 
are then used to identify and measure surface features. 
11 
 
In tapping mode, the cantilever oscillation amplitude is kept constant by a feedback 
loop. The oscillation amplitude decreases as the tip gets closer to the surface and vice versa. 
The detector controller electronics play a vital role in measuring the oscillation amplitude. 
Additional advantages of using tapping include reduced friction, adhesion, and electrostatic 
forces at play, which can offer higher resolution with samples that are delicate, wet, or 
loosely connected. 
2.4.4 Kelvin Probe Force Microscopy 
The above AFM techniques offer limited information about the chemical and 
electronic nature of the samples observed. KPFM is an adaptation of AFM that allows 
mapping out the contact potential difference (CPD–difference in work function) between 
a reference electrode and a sample. The KPFM is a non-contact AFM mode with an 
additional parameter. Since its introduction in 1991 by Nonnenmacher [8], the KPFM 
method has been used to characterize nano-scale electronic and electrical properties of 
metal and semiconductor surfaces along with semiconductor devices. For example, this 
technique is used in the Radadia lab to measure the surface potential of graphene when we 
oxidize the surface using LON, that selectively convert the graphene surface from a 
conductor to a semiconductor or an insulator. Also, the KPFM has been used to study the 
electrical properties of organic materials and devices [9-11]. KPFM uses the theory of 
Figure 2-6: AFM tapping mode operation. 
12 
vibrating capacitor. The tip and the sample, in this case, would be the parallel plate 
capacitor with a small spacing that is maintained during non-contact mode. Simply put, the 
difference in work function (ф) between the two materials would be: 
𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  
−(𝛷1 −  𝛷2)
𝑒⁄  Eq. 2-3 
where Φ1 and Φ2 are work function of the tip and the sample, respectively. In high-
resolution KPFM, the CPD is strongly affected by short-range forces between the tip and 
the sample which is specifically referred to as the local contact potential difference 
(LCPD). For high-resolution KPFM, understanding the fundamental difference between 
the CPD and the LCPD is critical, as is knowing how the CPD and LCPD correspond to 
physical properties of the surface [11]. 
 
The KPFM is performed in non-contact mode (see Figure 2-6), with the 
topographical information being obtained at the resonant frequency (fo) of the cantilever 
due to van der Waal forces, and the electrical information being obtained using the 
Figure 2-7: AFM KPFM mode operation. 
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electrostatic forces at a much lower frequency (fAC) such that its higher harmonics do not 
overlap with fo. 
In KPFM, the oscillating electrostatic force between the tip and the sample is 
generated using an AC bias (VAC) at a frequency fAC (= ω/2π). The electrostatic energy 
(Welectric) stored between the two plates of a capacitor can be written as: 
𝑊𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  
1
2
𝐶. ∆𝑉2 Eq. 2-4 
where C is the capacitance and ΔV is the potential difference between the two plates. 









∆𝑉2 Eq. 2-5 
where, the total potential difference between the tip and the sample can be written as, 
∆𝑉 = (𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷) + 𝑉𝐴𝐶 . sin (𝜔𝑡) Eq. 2-6 
The net capacitance can be written in terms of permittivity of free space (εo), relative 
dielectric permittivity (εr), tip-sample area (A), and tip-sample distance at a given time (zt). 
The gradient of capacitance (dC/dz) can then be derived, as shown in Eq. 2-7.  












2  Eq. 2-7 
In KPFM, the tip-sample distance is maintained by the first lock-in amplifier that 
is providing the non-contact topography imaging signal. The dependence of the amplitude 
changes on the tip-sample interface can be observed based on the harmonic oscillator 
model, and any amplitude changes are generally expected to be reliant on the force between 
the tip and sample. The electrostatic force in the absence of a nonpolarizable medium can 
be written as: 
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𝐹 = 𝐹𝐷𝐶 + 𝐹𝜔 + 𝐹2𝜔 Eq. 2-8 











2 ] Eq. 2-9 
𝐹𝜔 =  
𝑑𝐶
𝑑𝑧
(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)𝑉𝐴𝐶 . sin (𝜔𝑡) Eq. 2-10 






2. cos (2𝜔𝑡) Eq. 2-11 
Practically, this is accomplished using two lock-in amplifiers: one to image 
topography at fo and second to monitor the photodetector due to cantilever deflecting at fAC. 
Depending on how the second lock-in amplifier is operated, there are two primary modes 
for KPFM, amplitude modulation mode (AM), and frequency modulation mode (FM). In 
AM-KPFM, the second lock-in amplifier makes changes to offset bias VDC applied to VAC, 
to nullify the forces Fω and F2ω as per Eq. 2-10 and Eq. 2-11; the forces are assumed 
nullified by reducing the cantilever oscillation amplitude as seen from the detector signal 
at fAC, to a predetermined low value corresponding to only VAC in Eq. 2-9 [12]. Overall, the 
AM mode measurements represent a direct force between the tip and the sample [13, 14]. 
The AM mode also yields a way to measure variations in dC/dz using Eq. 2-11, which is 
an indicator of the dielectric constant variation on the surface. 
Application of the fAC to the cantilever, also introduces satellite peaks at fo ± fAC and 
fo ± 2fAC. In FM mode KPFM, the second lock-in amplifier makes changes to offset bias 
VDC applied to VAC, to nullify the amplitude of peaks at fo ± fAC [12]. The oscillation 
frequency of the cantilever tip will change depending on the tip-sample distance changes. 
After this, a feedback system is used to control the frequency change, maintaining a set-
point frequency at a constant rate that allows the topography of the sample’s surface to be 
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mapped. Changes in the oscillation frequency are reliant on the force gradient between the 
tip and the sample, where the recovering force of a cantilever that is associated with tip 
oscillating energy is large compared to the interaction force between the tip and sample 
surface [13]. In comparison to AC mode, FM mode KPFM will detect the force gradient 
rather than the actual effect, which is a factor that enables FM mode KPFM to have a higher 
spatial resolution than AM mode KPFM. 
During KPFM scans, the resolution is reliant on the quality factor (Q) of the 
vibration of the cantilever, representing a measure of energy loss during the oscillation 
[14]. Q is defined as a relation among resonant frequency (f0) and the frequency change 
(Δf) at a full width/half maximum state: 
𝑄 =  
𝑓0
∆𝑓⁄  Eq. 2-9 
 Local Oxidation Nanolithography 
Carbon nanomaterials such as graphene [15], carbon nanotubes [16] , and fullerenes 
[17] have drawn significant interest from researchers due to their outstanding physical 
properties as well as their electrical sensitivity to the environment [18-20]. Along with the 
conventional photolithography and e-beam lithography, AFM based nanolithography 
techniques are attractive to build low dimensional devices with carbon nanomaterials as 
they offer less restrictive conditions for sample environment and require minimum pre- 
and post-processing. AFM lithography techniques include either mechanically [21], 
thermally [22], or electrically induced modifications of the sample surface [23, 24]. LON 
is an electrically induced chemical modification of a surface produced on a nanometer scale 
by a conductive tip brought either in contact or proximity of the sample. LON was first 
discovered by Dagata’s team in 1990 using an STM, and later with an AFM. Since the 
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beginning of STM research, the capability to manipulate smaller substances paved the way 
for nanolithography; these techniques favor using the AFM to pattern its substrates 
opposed to STM, considering the AFM does not have nearly as many restricted conditions 
[25]. Some forms of STM/AFM nanolithography include atomic manipulation, mechanical 
patterning, and local oxidation. Atomic manipulation operates by using van der Waals to 
move individual molecules; however, atomic manipulation works on a small area resulting 
in a slow process for large scale patterning [25]. Meanwhile mechanical patterning uses 
the tip of the AFM to mechanically cut/plow patterns into the sample surface; however, the 
tip damage resulting from the physical attrition does not allow writing over large substrates. 
HOPG, due to its relative ease of preparing the atomically flat surface, layered 
nature and electrical conductivity, has been an ideal substrate for LON patterning. In LON, 
the sample or tip of the AFM receives a positive or negative bias voltage as an anode for 
an electrochemical reaction that causes the surface of the sample to oxidize when in the 
presence of humidity. This process occurs because when humidity is introduced to this 
electrical condition, a water bridge is formed between the tip and the substrate. The electric 
field produced by the circuit causes the humidity to split into H+ and OH- ions, where the 
OH- ions are driven to the sample (positively biased) to oxidize its surface. The chemical 
reactions in LON process for graphene and HOPG is given below: 
𝐶 + 𝑛𝐻2𝑂 →  𝐶𝑂𝑛 + 2𝑛𝐻
+ + 2𝑛𝑒− Eq. 2-10 
𝐶𝑛 + 2𝑛𝐻2𝑂 +  2𝑛𝑒
−  →  𝑛𝐻2 + 2𝑛𝑂𝐻
− + 𝐶 Eq. 2-11 
Here, n can be 1 to 4 depending on graphene structure. The liberation of hydrogen 
gas happens at the AFM tip at the same time as shown in Eq. 2-12. 
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2𝐻+ + 2𝑒−  →  𝐻2 Eq. 2-12 
LON is also useful because it can oxidize a graphene surface making a layer of 
graphene oxide. This process also has the potential to make this graphene oxide behave 
like an insulator or a semiconductor which makes LON a better method for creating 
nanodevices from graphene. 
 Related Research 
Kim and Koo (2003) reported an etch depth less than 4 atoms (almost constant) at 
a tip bias below −8 V, and in excess of 20 atoms at a tip bias of −10 V [26]. Park et al 
(2007) reported that pulsing the sample bias resulted in formation of 10 nm wide and 0.34 
nm deep trench [27]. Jiang and Guo (2008) for the first time demonstrated the formation 
of bumps (convex structures) on HOPG using AFM assisted LON [28]. Low sample bias 
or lithography time was found to form bumps (convex dots), while higher tip bias or 
lithography time resulted in a trench (concave dots). With a bias duration of 10 s, these 
bumps were seen to start forming with sample bias in the 2–3 V range, then crack in the 4–
5 V range with trenches being prominent above 5 V. In a follow-up study on point patterns, 
Jiang and Guo (2011) provided a relationship to calculate the threshold time required at 
any given sample bias to predict the transformation of a bump to a trench [29]. However, 
the write force effect was not studied. Further, we find that most lithography masks require 
patterning lines where the effect of write speed also needs to be accounted. 
In 2008, Weng et al. studied LON on graphene films by using the tapping function 
and a conductive tip on an AFM [30]. They used a negative bias voltage of approximately 
15-30 V to the tip with respect to the surface of the graphene film; they also varied the set 
points (tip-sample force) from 0.1-0.3 V and created ring and line patterns on graphene. 
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They found the LON process increases resistance to graphene; lower voltages create 
bumps, and higher voltages create trenches. 
In 2009, Masubuchi et al. studied the fabrication of GNRs by LON while using an 
AFM [31]. These researchers used multi-layer, double-layered, and single-layered 
graphene sheets to test the effect of LON on them. Also, these researchers studied the 
transport properties of GNRs. They found that monolayer graphene creates the widest 
trenches opposed to multi- or dual-layered. 
In 2011, Puddy et al. studied the LON process using AFM while observing the tip 
current, concluding that the cutting is not current driven [32]. They used single and bilayer 
graphene flakes, during the LON process they used a 50 nm/s scan speed, a humidity of 
about 50%, and voltages ranging from -5 to -2 V. They found that oxide width is weakly 
dependent on scanning speed and humidity, trench depth decreases with voltage level, and 
low voltage trenches disappeared after some time. 
In 2011, Ekiz et al. studied the reduction and oxidation of multilayer graphene 
oxide (MLGO) film on a metalized glass substrate [24]. They found that with a positive 
voltage of +2.5 V at ambient atmosphere caused the oxidation of the graphene surface, 
while a negative voltage of -2.5 V caused the reduction of the graphene surface with a 
small overall current of ~10 µA. Ekiz et al. used a conductive AFM tip to provide the tip 
bias and a non-contact tip for AFM imaging. With these changes, it had a direct effect on 
the electrical and optical properties of the graphene. 
In 2012, Zhang et al. studied the effect LON has on GO sheets and the I-V curves 
of GO nanoribbons created through LON [33]. Zhang et al. used a heating source that 
measured to be ≤115 ˚C under atmospheric pressure, usually measuring at 100 ˚C for their 
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tests. This heating element is used to increase the reaction time of LON, considering they 
used a smaller bias of -2 V to 2 V. They found for the nanoribbons created through LON 
with the varying widths of 20 – 80 nm, the thinner the ribbon became the more resistance 
it gave. However, there was a significant jump between 40 nm to 20 nm of width. Zhang 
et al. also provides a detailed model of the Pt-coated tip’s reaction with the GO surface 
during LON and how much energy is required for each step of the process until the oxide 
is fully converted. 
In 2013, Gowthami et al. studied the change in LON parameters on HOPG as the 
tip speed of the AFM tip was change between 0.01 µm/s – 0.08 µm/s [34]. They conducted 
their tests comparing LON performed in contact and non-contact mode. Gowthami et al. 
found with the increase in tip speed the features found post-LON were less prominent, 
except for speeds after 0.04 µm/s for non-contact mode which revealed irregular line 
patterns. Also, her group observed the post LON features up to 264 hours. They found that 
within 48 hours, the LON features widen and become shallower due to the LON features 
attraction for water in that time. Gowthami et al. then repeated this experiment for 15 layer 
and 6 layered mechanically exfoliated graphene. The 15 layered sample showed a 
fluctuation of width for the period, but an eventual plateau for the pattern depth after 24 
hours. However, for the 6 layered sample, they saw the variation of the width drop linearly 
after 100 hours, with the depth experiencing a similar plateau, which could mean the 
pattern is closing/filling with oxide. For all tests, 8 V, 15 nN, 58% humidity, and a Pt/Ir 
coated tip was used. 
In 2015, Arai et al. studied the surface density of oxygen atoms in oxide post-LON 
on HOPG with Auger electron spectroscopy [35]. They found that as the tip bias increased, 
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so did the number of oxygen atoms. For the HOPG tests: ∣ Vtip ∣ = 12, 11, 10, 9, 8, 7, 6, and 
0 V, relative humidity (RH) within 70 ± 4%, ~30 ˚C, tip speed was 100 nm/s, performed 
in contact mode, and with less than 1 nN of force. Arai et al. then performed LON on 
mechanically exfoliated graphene where nanoribbons of width 45 nm, 35 nm, and 10 nm 
were created were differential, minimum, and suppressed conductance for each were 
tested. For MLG tests: tip bias was set to 10 V, tip speed was set to 50 nm/s, and all other 
parameters stayed the same. Their experiments on MLG shows promise for the use of 
smaller graphene devices to be created. 
In 2017, Hong et al. studied the effect of LON with varying tip biases (5V-10V) 
and tip speeds (0.15µm/s – 1.2µm/s) on monolayer CVD graphene from Graphenea [36]. 
They used a Pt/Ir coated probe with ~55% humidity and room temperature conditions. They 
made use of a µ-RS and a µ-XPS characterization, where they found that the prominent 
factor in LON is the tip bias. Tip speed only had an effect when tip bias was more 
significant, where the oxide density spiked at 8V of bias, indicating easier bonding between 
oxygen-related radicals with higher bias. Hong’s group then used x-ray irradiation for the 
reduction of the oxide. The limiting step of reduction is C–C → C=C, for all | Vtip | cases, 
and the ratio between C–OH → C=C and C–C → C=C processes is about 1.47. They found 
the time for the reduction was proportional to the degree of oxidation. 
In 2018, Colangelo et al. studied LON on hydrogen-intercalated graphene grown 
by controlled sublimation of silicon carbide, where regions of the sample were double-
layered and mono-layered quasi-free-standing graphene [37]. A tip bias of 5 V, 8V, and 10 
V was used on the double and mono-layered graphene regions where a humidity of 50%, 
with standard p-doped Si tips coated in W2C, contact mode, and a tip speed of 0.5 µm/s 
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was used to perform LON. Colangelo et al. studied the composition of the oxide produced 
by LON with µ-Raman spectroscopy. This imaging showed the presence of two different 
types of oxidation during the LON process: there was standard oxidation that triggered the 
local and partial etching of the graphene, then there was enhanced oxidation that destroyed 
the monolayered graphene structure, but highly disordered patterns on the double-layered 
graphene region which. µ-Raman showed the presence of excess oxygen molecules in the 
patterned area, shown with the energy dispersive spectroscopy of the sample. This provided 
evidence that LON drives the oxidation of the underlying SiC substrate together with the 







METHODS AND MATERIALS 
 
The primary goal of this thesis was to further analyze the patterns obtained through 
LON on HOPG as the write bias, speed, and force were varied. Different types of 
patterns—bumps, cracked bumps, and trenches—were obtained and characterized using 
four shape descriptors—pattern width, pattern height, cut width, and cut depth. Another 
goal of this research was the comparison of surface potential and the dC/dz found on HOPG 
within noticeable writing parameters, along with the physical and chemical changes that 
occur during extended sessions of LON with a 240AC-PP AFM tip, studied under SEM 
and EDS. An Agilent 5420 AFM equipped with a MAC III controller was used to perform 
LON on ZYB grade HOPG (mosaic spread value: 0.8°; mosaic spread accuracy: ±0.2°; 10 
× 10 × 2 mm3). Arrow EFM probes from Nanoworld ( f0 ∼ 75 kHz, k ∼ 2.8 N m−1 , ∼240 
μm long, ∼35 μm wide and ∼3 μm thick, with a 23 nm thick platinum/5% iridium layer 
deposited on both sides of the cantilever) and the 240AC-PP from µmasch ( f0 ∼ 70 kHz, 
k ∼ 2 N m−1 , ∼240 μm long, ∼40 μm wide and ∼2.6 μm thick, with a 25 nm thick platinum 




Picoview version 1.10.1 paired with a PicoLITH package was used for AFM 
operation. The PicoLITH package allowed for the positioning of the tip along with the 
capability for nanolithography. We biased our sample positively during this work to 
achieve LON. The mechanical stage installed on the 5420 AFM allowed for the sample to 
move to locations outside of the 100 µm x 100 µm limitations of the Picoview software. 
The RH was recorded by a modified EL-USB-2+ RH/temperature data logger, so that the 
sensor components were positioned inside of the prototyped environmental cell, allowing 
for a reading closer to the AFM tip. 
Before each extended LON session, each AFM tip’s spring constant and tip radius 
was characterized. The cantilever’s spring constant was calculated using the Sader method 
to calculate the change in tip mass over time. The spring constant along with the deflection 
sensitivity of the optical lever setup in the AFM was then used to control the tip-sample 
force. The tip radius characterization was found by recording a high-resolution scan of a 
sharp edge (TGX sample from µMasch) or SEM. 
Figure 3-1: A) Agilent Technologies 5420 AFM. B) Arrow EFM cantilever. C) 240AC-
PP cantilever. D) Arrow EFM Tip. C) 240AC-PP Tip.  
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 Spring Constant Calculation 
Just like a macro-sized beam, an AFM cantilever will exert an equal and opposite 
force onto an object when a force is applied to the free end of the cantilever. The opposite 
force in this situation can be simply calculated using Hooke’s law: 
𝑓 =  − 𝑘 𝑥 Eq. 3-1 
where, k is the spring constant, and x is the distance traveled by the cantilever due to the 
applied force. The negative sign represents the opposing force of the object onto the 
cantilever. By finding the force constant of the cantilever, the tip-sample contact force is 
found by multiplying the force constant by the deflection of the cantilever beam [38]. The 
deflection of the cantilever beam can be found by multiplying the displacement/amplitude 
signal from the detector with the deflection sensitivity of the optical lever setup. AFM 
probe manufacturers provide a standard range for probe parameters like the thickness, 
width, resonance frequency, and force constant; manufacturers do this because it is difficult 
to make a perfect tip during each manufacturing process. Considering this, it is necessary 
to calculate each cantilever’s spring constant so that the AFM is operated with known tip-
sample force. There are various ways to calculate the force constant, this thesis work 
focuses on the use of the Sader method [39]. 
3.1.1 Sader Method 
To calculate the spring constant using the Sader method as shown in Eq. 6, the 
following properties of the cantilever need to be found: the quality factor of the cantilever 
while oscillating in a fluid (vacuum or air usually), width and length, and resonance 
frequency. The Sader method makes use of the hydrodynamic function based on the 
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cantilever geometry, and excludes the use of thickness and material properties, making the 
Sader method a simplistic option for calculating spring constant [39]. 
𝑘 = 0.1906 ∙ 𝜌 ∙ 𝑏2 𝐿 ∙ 𝑄 ∙ 𝛤𝑖(𝑓0) f0
2 Eq. 3-2 
  k = Rectangular cantilever spring constant 
  ρ = Density of fluid surrounding the cantilever 
  b = Width of the cantilever 
  L = Length of the cantilever 
  Q = Quality factor of the oscillating cantilever 
  𝑓0 = Resonant frequency of the cantilever 
  Γi(𝐹0) = Imaginary portion of the hydrodynamic function 
Eq. 3-2 is straightforward to calculate for rectangular cantilevers; the spring 
constant for arbitrarily shaped cantilevers needs to be modified from this equation. During 
a cantilever’s oscillation, the hydrodynamic flow is directly affected depending on the 
geometry of the cantilever. To adjust Sader’s method, the Reynolds number, Re, and the 
hydrodynamic function ʌRe are needed for arbitrarily shaped cantilevers, which are 
observed in Eq. 3-4 and Eq. 3-5, respectively. For both equations, Lo represents a linear 
length scale for flow, which is a replacement of the combination of length L and width b, 
serving as a means of detailing the flow created by the oscillation of the cantilever. 
Generally, the dominant hydrodynamic length scale for flow is the lesser length scale 
(width) as the flow varies rapids over its width compared to that of length. Hence, the 
Reynolds number contains only width and can be interpreted as the squared ratio of width 
to viscous penetration depth. After calculating the Reynolds number, the modification to 
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Sader’s method can be made, and the spring constant for arbitrarily shaped cantilevers can 




 =  (
𝑏
2𝐿0





Ω(𝛽) Eq. 3-4 
𝑘 = 0.1906 ∙ 𝜌 ∙ 𝑏2 𝐿 ∙ ʌ𝑅𝑒 f0
2 𝑄 Eq. 3-5 
 
These equations have been implemented in MATLAB and PYTHON, where all 
parameters needed for the Sader method can be computed in order to calculate the spring 
constant of an AFM cantilever. The MATLAB and Python codes used in this process are 
shown in the Appendix [40, 41]. 
3.1.2 Change in Tip Mass 
The main objective of this work was to find and record the deformation on the 
sample surface post-LON; however, LON and AFM scans cause deformation to the tip 
over time. Common damages include the Pt coating flaking and tip abrasion. It is 
commonly known that the resonance frequency (f) of an AFM tip can be calculated as a 
product of its effective mass (m) and spring constant, as seen in the first half of Eq. 3-6. 
Considering that the AFM AC controller and PICOVIEW software package can calculate 
the cantilever’s resonance frequency, this equation can be adjusted to find the effective 












 Eq. 3-6 
By calculating for the mass of an AFM tip, the total change in mass(Δm) can be 
found as a product of the difference of masses at different frequencies. This is useful to 
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find a relative change in mass between AFM scans to track damages to the tip. Eq. 3-7 
finds this difference by setting the shifted resonance frequency as f1, and the initial 
frequency as f0 [41, 42]. Eq. 3-7 was also implemented into a MATLAB and PYTHON 










2) Eq. 3-7 
For this thesis, we used both an Arrow EFM and a 240AC-PP (Point Probe) soft 
tapping mode AFM cantilever with a Pt overall coating from µMasch. The 240AC-pp tip 
offered an ideal means to perform KPFM on our sample while also serving as a highly 
conductive probe for LON. The Arrow EFM was used only for its conductive qualities to 
perform LON. The relative parameters of these probes are shown in Table 3-1, while the 
SEM images are shown in Figure 3-2. 
 





For any form of non-contact scanning, the cantilever must be AC tuned first. In this 
step, the cantilever tip is vibrated by the piezoelectric element in a range that encompasses 
the cantilever’s resonant frequency. The 240AC-PP are fabricated to have an average 
resonance frequency around 70 kHz; therefore, a reasonable range of frequencies to test 
would be from 30 to 100 kHz. In Figure 3-3, we have the amplitude signal reported by the 
photodiode in volts versus the frequency varied during AC tuning, where the resonance 
frequency was found to be 66.9 kHz. Once the tuning curve is obtained, a rough estimate 
of the bandwidth can be found by calculating the full width at half maximum points on the 
tuning curve; in this case the upper and lower band frequencies were found to be 67.130 
kHz and 66.675 kHz, respectively. This results in a Δf value, often referred to as the 
Table 3-1: Tip characteristics as reported by the AFM probe manufacturer. 
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bandwidth, of 455 Hz for this 240AC-PP cantilever. Using Eq. 2-9, the quality factor of 
the cantilever can be calculated to be 148.83. 
 
With the length, width, resonance frequency, and quality factor for the 240AC-PP 
using the MATLAB code for Sader’s method, the spring constant was found to be 2.11 
N/m, which is in the expected manufacturing range. The spring constant of an Arrow EFM 
probe was found to be 2.5 N/m. 
3.1.3 AFM Force Spectroscopy 
On the AFM, force spectroscopy is a technique that measures and controls the 
polarity and strength of interactions for the AFM tip and sample [20]. The data collected 
from this process is a measure of the cantilever deflection and the extension of the 
piezoelectric scanner that is monitored by the photodetector. Force spectroscopy is 
Figure 3-3: Auto-tuning curve for a 240AC-PP marked with resonance frequency, 𝑓𝑟, 
upper band frequency 𝑓ℎ and lower band frequency 𝑓𝑙 captured from PICOVIEW software. 
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performed by lowering the AFM tip to the surface quite slowly until the tip travels through 
the contamination layer and contacts the surface of the sample where the tip snaps into the 
surface due to attractive van der Waals forces. As a result, the cantilever bends towards the 
surface. Once this is achieved, the tip is snapped back through the contamination layer and 
to its original position. During this process, the force of the tip is measured versus the 
relative distance the tip has traveled during the force spectroscopy. The retract curve 
represents the retract cycle, where the cantilever deflects away from the surface (see Figure 
3-4). This is only feasible if the force constant has been accurately calculated and the 
deflection sensitivity of the optical lever has been determined after adequate settling time. 
 
With the spring constant calculation, the tip-sample force can be found with the 
following formula found in Eq. 3-8 for our two AFM tips: 
𝐹 =  𝑘𝑐 ∙ 𝛼 ∙ 𝑉 Eq. 3-8 
where, F is the force between the tip and the sample, kc is the cantilever’s spring constant, 
α is the deflection sensitivity of the optical lever setup, and V is the setpoint voltage 
Figure 3-4: AFM force vs distance curve with probe’s approach and retract directions. 
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specified in the AFM feedback loop. The deflection sensitivity, α, can be found through 
the approach portions of the force-distance curve as the tip is pressed against a rigid surface. 
The force-distance curve for the 240AC-PP is found in Figure 3-5, where the deflection 
sensitivity, α, was calculated to be 38.945 nm/V; and the Arrow EFM had a deflection 
sensitivity of 57.357 nm/V. 
 
 Tip Radius Characterization 
Both imaging and nanolithography with the AFM relies heavily on the quality of 
the cantilever tip and its interaction with the sample surface. The finite tip radius is a 
significant factor in determining the imaging and patterning resolution. Therefore, it is 
Figure 3-5: Calculating the deflection sensitivity α from the force-distance curve while the 
cantilever tip was pressed against a solid surface. 
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essential to find the tip characteristics before lithography or surface imaging [21]. As 
shown in Figure 3-6, sharper tips offer better imaging resolution. 
                   
A larger tip radius can provide misleading data during a scan. We can see a 
conceptual example of this in Figure 3-7, where Figure 3-7A demonstrates the journey of 
a super sharp tip resulting in measurement of the correct particle diameter, while part 
Figure 3-7B shows the journey of a less sharp tip resulting in inaccurate measurement of 
the particle diameter. Figure 3-7C demonstrates a real-world example of the tip broadening 
effect. In this example the AFM tip has a calculated diameter at 70 nm, however the 
microtubule measures to have an apparent diameter of 85 nm, while the real diameter was 
25 nm. 
Figure 3-6: Probe with high aspect ratio compared to low aspect ratio. 
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The tip radius can be calculated using a TGX calibration sample from µmasch, 
which consists of a square pit array made on a (111) silicon plane. Figure 3-8 illustrates 




Figure 3-7: A) Ideal AFM tip illustration. B) Practical AFM tip illustration. 
C) A real-world example of the tip broadening effect with a microtubule. 
Figure 3-8: A) Schematic of the TGX grating structures. B) SEM image of the TGX 













Value (µm) Accuracy (µm) 
3 0.1 < 5 1 1 x 1 5 x 5 x 0.3 
 
Imaging the TGX structure starts with a non-contact mode scan at 10 x 10 µ𝑚2 
area with a resolution of 512 x 512 square pixels and a tip speed of 0.5 lines/second. Non-
contact was used first to reduce tip wear when searching for the edge of a trench. After an 
edge of a trench is focused on (trenches have a 0.5 x 0.5 µ𝑚2 area), the scan is set to contact 
mode with resolution parameters set to 8192 x 8192 square pixels and a tip speed of 0.2 
lines/second, which provides high-resolution data for the tip radius calculation (see Figure 
3-9). 
 
Table 3-2:TGX grating structures physical parameters. 
Figure 3-9: A) 10 x10 µm2 non-contact mode scan of TGX sample with a resolution of 
512 square pixels and a tip speed of 0.5 lines/sec. B) Part of a 3 x 3 µm2 contact mode scan 
of a TGX trench edge with a resolution of 8192 x 8192 pixels and a tip speed of 0.2 
lines/sec. 
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The sharp trenches of the TGX sample allow for the rolling of the tip during a tip 
radius scan. As a result, when the tip images the trenches, two slopes are created; tip 
structure slope and the sample slope. A clear illustration of this is seen in Figure 3-10, 
where the actual TGX structure is compared to the AFM scan that shows the two slopes. 
Figure 3-10(A) shows the tip slope formed from the rolling of the tip that occurs 
when the tip radius is found, and the sample slope is a representation of when the tip 
finds the sample. The tip slope is the potion of this scan that is needed to calculate the tip 
radius, which is done by fit a curve on that region using the Gwyddion software. Figure 
3-10(C) shows the cross-section profiling of the trench edge on the Gwyddion software. 
 
Once the cross-section of the TGX scan was collected, the limit of the data was set 
to where all slopes were observable; this includes the top before the dip (or the flat slope), 
the tip slope, the sample slope, and the bottom of the pit. 
Figure 3-10: A) Formation of tip Slope and the sample slope during imaging of TGX 
Characterizer Trenches. B) Topography view of a TGX Trench Edge. C) Cross Section of 
a TGX Trench Edge Using the Gwyddion Software. 
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The rounded portion between the flat slope and the sample slope in the cross-section 
allows for the calculation of the tip radius. To find this with Gwyddion, an upward fit curve 
needs to be set to the tip slope region, as seen in Figure 3-12. For this tip, the radius was 
calculated to be 58.154 nm±3.3 nm, which is satisfactory for LON and KPFM scans. 
 
Figure 3-11: A) Flat slope before the tip slope, which is located on top of the grate. B) 
Sample slope after the tip slope. 
Figure 3-12: Tip radius calculation in Gwyddion. 
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 Properties of HOPG 
HOPG is a material with a high degree of preferred crystallographic orientation, 
where each layer (graphene) consists of an sp2–hybridized carbon honeycomb network of 
carbon atoms, as seen in Figure 3-13B. Unionized carbon atoms have four valence 
electrons, allowing carbon atoms to form four covalent bonds to fill its outer shell. Three 
of these bonds are sigma (σ) bonds, also known as sp² orbitals; these give the tightly packed 
structure to the hexagonal lattice of graphene [3]. With the fourth electron, a π-bond forms, 
this electron is oriented in the Z (axis) direction of the two-dimensional plane, as seen in 
Figure 3-13A [3]. The π-bond aligns with other graphene sheets to form bilayer and 
multilayered graphene structures; any structure with eight or more graphene layers is 
characterized as graphite. The π-bonds from the graphene sheets attract to create a weak 
van der Waals bond. The C-C bonds in graphene have an average bond length of 1.42 Å 
(0.142 nm), and monolayer graphene has a thickness of 3.35 Å (0.335 nm), approximately 
twice the length of the C-C bond [4]. 
 
Figure 3-13: A) Each atom in one sublattice has three neighbors and a visual of the σ and 
π-bonds in carbon when in a hexagonal lattice. B) Visual representation of two atomic 
carbon sheets resting on each other to demonstrate the molecular structure of HOPG. 
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The orientation found in HOPG can be achieved either by chemical vapor 
deposition or graphitization heat treatment of carbon. Commonly, HOPG is grown through 
the latter method, which is attained by applying uniaxial pressure on deposited pyro carbon 
at a high temperature of ~3000˚C. Mosaicity, defects, and coarseness can vary depending 
on tweaks made to the temperature or annealing during the fabrication process. In HOPG, 
each carbon atom on the surface has three adjacent carbon atoms from lower planes that 
have a weak van der Waals attraction. The HOPG used for this thesis work was a ZYB 
grade HOPG from µmasch (mosaic spread value: 0.8°; mosaic spread accuracy: ±0.2°; 10 







LOCAL OXIDATION NANOLITHOGRAPHY OF HOPG 
 
 Formation of Patterns 
With patterning on HOPG, three writing parameters were varied, sample bias, write 
speed, and contact force, where this testing resulted in three consistent shape patterns, 
which we classified as either bumps, cracked bumps, or trenches; where each pattern was 
characterized using four shape descriptors, pattern width, pattern height, cut width and cut 
depth — seen in Figure 4-1. Bumps were verified when patterns possessed little to no cut 
features, but noticeable pattern formation. Cracked bumps were the next progression which 
were classified when bumps began to form deeper and wider trenches. Lastly, trenches 
were seen when the pattern broke down and the trench depth sunk into the sample. 
 
Figure 4-1: Characteristics recorded for: A) a bump, B) a cracked bump, and C) a trench. 
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4.1.1 Variation of Sample Bias 
Figure 4-2 delineates results collected from topography scans obtained after 
lithography varying sample bias in increments of 0.25 V from 3.75 to 9.25 V. This 
lithography cycle was accomplished with an Arrow EFM cantilever, a write force of 75±5 
nN, write speed of 50 nm s-1, and ∼55% RH. These topographical images can be found in 
Figure A-3.  
As observed from Figure 4-2, a sample bias between 3.75 and 4.25 V resulted in a 
bump, peaking with ∼60 nm wide and 0.89 nm high pattern parameters at a bias of 4.25 V. 
At 4.5 V, cracked bumps began to form that were ∼68 nm wide and ∼1.1 nm high, with a 
cut width of ∼30 nm and depth of∼0.8 nm. Until the sample bias reached 6.5 V, cut width 
and cut depth crept up to ∼40 nm (∼30%) and ∼0.96 nm (∼20%), respectively, while 
pattern width and pattern height leaped to ∼110 nm (∼60%) and ∼1.8 nm (∼64%), 
respectively. This increase in pattern width is expected, considering as the sample bias 
increases, a larger surface area is expected to oxidize. 
Once bias transitioned from 6.5 to 6.75 V, an abrupt shift from cracked bumps to 
trenches appeared, with a sudden rise in pattern width from ∼110 to ∼165 nm, cut width 
from ∼35 to ∼75 nm, and cut depth from ∼0.96 to ∼3.5 nm; pattern height remained 
relatively the same. Within the trench region with bias from 7.25 to 7.5 V, a second shift 
emerged, with pattern width leaping from ∼180 to ∼340 nm, cut width from ∼100 to ∼250 
nm, cut depth from ∼5.6 to ∼44 nm, and pattern height changing from ∼1.8 to ∼5.4 nm. 
Write biases past 7.5 V only increased pattern height, cut width, and cut depth, while the 
pattern width stayed almost constant. We also noticed a higher variability in the shape 




Figure 4-2: Pattern characteristics as a function of sample bias with an Arrow EFM 
cantilever, a write force of 75±5 nN, write speed of 50 nm s−1, and ∼55% RH: A) pattern 
width, B) pattern height, C) cut width, and D) cut depth. Error bars represent standard 
deviations recorded along the length of a line. Regions are marked on the graph where each 
type of pattern was observed. 
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4.1.2 Variation of Write Speed 
Figure 4-3 outlines results collected from topography scans obtained after 
lithography varying write speeds from 50 to 1000 nm s−1. This lithography cycle was 
achieved with an Arrow EFM cantilever, write force of 75±5 nN, a sample bias of 6, 8, or 
10 V, and ∼55% RH. These topographical images can be found in Figure A-32. With an 
increase in write speed, the tip spends less time per length, thus reducing the extent of 
oxidation. We expect trenches to form with lower write speeds, and an increase in write 
speed will result in shallower trenches until they eventually start forming cracked bumps 
and then bumps, which is what transpired throughout this experiment. 
The beginning of this trend could be observed when bias was set to 10 V. Despite 
only forming trenches no matter the speed, increased oxidation could be observed as write 
speed decreased from 1000 to 50 nm s−1, with width increasing from ∼130 to ∼210 nm, 
cut width from ∼65 to ∼130 nm, cut depth from ∼4 to ∼8.5 nm; only pattern height 
remained consistent, staying between 2 and 3 nm. 
With a drop in sample bias to 8 V, the formation of cracked bumps became 
prominent between write speeds of 250 and 500 nm s−1. Prior, with speeds between 50 to 
250 nm s−1, only trenches were created; and likewise, with speeds from 500 to 1000 nm s−1 
resulted in only cracked bumps. During the shift from trenches to cracked bumps, pattern 
width decreased from ~180 nm to ~110 nm, pattern height from ~3.4 nm to 1.6 nm, and 
the trench width closed from ~110 nm to ~30 nm, and depth from ~9.5 nm to ~0.9 nm. 
It was not until the sample bias was set to 6 V the full conversion from trenches to 
bumps could be witnessed, where trenches formed with a write speed of 50 nm s−1. The 
trench formed by a 6 V bias was comparable to trenches formed by an 8 and 10 V bias with 
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speeds set at 200 and 750 nm s-1, respectively. However, as write speed increased from 50 
to 100 nm s−1, a transition from trenches to cracked bumps occurred. Furthermore, a 
transition from cracked bumps to bumps was observed between 250 and 500 nm s−1. From 
cracked bumps to bumps, pattern height increased slightly from ~1.6 nm to ~1.7 nm, but 
pattern width declined from ~109 nm to ~91 nm. Write speeds from 500 to 1000 nm s-1 
resulted only in bumps, with a slight decline in total pattern width from ~ 91 nm to ~ 83 




Figure 4-3: Effect of write speed on pattern characteristics (pattern width, pattern height, 
cut width, and cut depth). Written with an Arrow EFM cantilever, a force of 75±5 nN, and 
a humidity level of ∼55% RH at 22 °C was maintained. The sample bias set at either 6 V 
(green circles), 8 V (red triangles), or 10 V (blue squares). Error bars represent standard 
deviations recorded along the length of a line. Regions are marked on the graph where each 
type of pattern was observed. 
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4.1.3 Variation of Write Force 
Figure 4-4 delineates results collected from topography scans obtained after 
lithography varying write force of 75±5 nN, 150±10 nN, or 225±15 nN, while varying 
sample bias in increments of 0.25 V between 3.75 and 4.75 V. This lithography cycle was 
achieved with an Arrow EFM cantilever, ∼55% RH, and a low write speed of 50 nm s−1, 
to ensure the tip-sample distance remained approximately constant. These topographical 
images can be found in Figure A-33. The write force is responsible for the relative tip-
sample distance inside of the water meniscus formed from the tip entering the 
contamination layer on the sample surface; it is currently not feasible to calculate actual 
tip-sample distance. It is expected that in cases when bumps or cracked bumps were formed 
by LON, use of increased write force would lead to the formation of cracked bumps or 
trenches, respectively.  
With a write force of 75±5 nN, patterns did not appear until the write bias was set 
to 4.25 V. with cracked bumps generating somewhere between 4.25 to 4.5 V. With a write 
force double the size at 150 ± 10 nN and a shift write speed just under 3.75 V, resulted in 
cracked bumps only. A similar experiment with high write force and a sample bias turned 
off resulted in no modification of the surface, thus confirming that the surface modification 
at higher write force was due to the sample bias of 3.75 V. With a write force increased to 
225±15 nN, similar cracked bump patterns continued to form, proving that write force can 
decrease the tip bias and change the type of features obtained. For example, work with 
STM have reported threshold voltage below 4 V. Similarly, this explains why prior studies 
on LON with an AFM by Park et al [27], and Kim and Koo (2003) [26] never observed 
bumps, considering their write forces were close to ∼500 nN. While Jiang and Goo (2008) 
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who first reported bumps, despite not mentioning the write force, used a cantilever with a 
force constant of 1.8 N m−1, resulting in the force being somewhere between 50 to 100 nN 





Figure 4-4: Effect of write force on pattern characteristics (pattern width, pattern height, 
cut width, and cut depth). The write force was set to either 75±5 nN (green circles), 150±10 
nN (red triangles), or 225±15 nN (blue squares). The sample bias was varied between 3.75 
V to 4.75 V, with the write speed and the humidity set at 50 nm s−1 and ∼55% RH at 22 
°C, respectively. Error bars represent standard deviations recorded along the length of a 






KELVIN PROBE FORCE MICROSCOPY OF HOPG 
 
 Change in Surface Chemistry 
The physical effects of LON on HOPG have been practiced, but the chemical and 
electrical changes have not been as thoroughly observed. This chapter observes results 
collected from topography, surface potential, and dC/dz imaging after LON the write force 
varied from 20±5 nN to 120±10 nN, in increments of 20 nN. The LON in this chapter was 
achieved with a 240AC-PP cantilever, a fixed write speed of 100 nm s−1, a fixed sample 
bias of 10 V, and ∼55% RH. At the end of this chapter, the change in tip condition and 
mass are examined after extended sessions of KPFM and LON. 
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5.1.1 Pattern Characteristics with Variation in Contact Force 
 
Figure A-3 shows the topography depicting the lines written on HOPG with 
different write forces. The representational cross-section of the topography image can be 
found in Figure A-41 and Figure A-42. Figure 31 shows the pattern characteristics as 
were discussed in Chapter 4. In Chapter 4, we had seen that as the write force was 
increased, possibly the tip-sample distance decreased, which would have resulted in an 
increased electric field intensity between the tip and the sample, and thus rapid 
electrochemical oxidation. Figure 5-2 shows formation of cracked bumps and trenches. 
Overall in Figure 5-2, the cut width and cut depth were found to increase with write force, 
but not so much in the case of pattern height and pattern width. The transition to trenches 
occurred past 60±5 nN, where the pattern width and height dropped to ~1187 nm and ~1.5 
Figure 5-1: Topography of lines (left to right) as a function of write force at 20±5 nN, 
40±5 nN, 60±5 nN, 80±5 nN, 100±10 nN, and 120±10 nN, respectively, with a 240AC-PP 
cantilever, a sample bias of 10 V, write speed of 100 nm s−1 , and ∼55% RH. 
50 
nm, but the trench width increased to ~335 nm and depth to ~1.6 nm, deeper than the 
height. This trend continued for both 100±10 and 120±10 nN where the final pattern height 
increased by ~546 nm, height by ~0.11 nm, cut width by ~176 nm, and cut depth by ~0.67 
nm from 60±5 nN. While the Section 4.1.3 shows increasing the write force moves the 
bump formation to smaller onset voltages, in this chapter, we show that increasing the write 
force has a similar effect on moving the cracked bump-to-trench transition. We hypothesize 
that if the force were decreased below 20 nN, it would be possible to create bump features 
with high tip bias. 
 
  
Figure 5-2: Pattern characteristics on HOPG as a function of contact force with a 240AC-
PP cantilever, a sample bias of 10 V, write speed of 100 nm s−1, and ∼55% RH: A) pattern 
width, B) pattern height, C) cut width, and D) cut depth. Error bars represent standard 
deviations recorded along the length of a line. Regions are marked on the graph where each 
type of pattern was observed. 
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5.1.2 Change in Surface Potential 
The surface potential of HOPG after LON were measured using AM-KPFM (as 
described in Section 2.4.4), which resulted in surface potential images with resolution 
(~100 nm) lower than the topography images. Figure 5-3 shows the surface potential image 
corresponding to Figure 5-1. The representational cross-section of each line pattern is 
shown in Figure A-41. 
 
Figure 5-4A enumerates the pattern width as a function of write force as measured 
from the surface potential image; the pattern width from surface potential image is closely 
found to follow the pattern width as found in topography image in Figure 5-2A. Figure 5-
Figure 5-3: Surface potential image of Figure 5-1 as a function of write force at 20±5 nN, 
40±5 nN, 60±5 nN, 80±5 nN, 100±10 nN, and 120±10 nN, respectively, with a 240AC-PP 
cantilever, a sample bias of 10 V, write speed of 100 nm s−1 , and ∼55% RH. 
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4B shows the change in surface potential (lowest value recorded for the line pattern in a 
cross-section) as a function of write force. Neglecting the 20±5 nN, the surface potential 
was found to decrease with increase in force. Equating the averaged surface potential of 
the clean HOPG region in Figure 5-4C (-9.419 mV), to the previously reported work 
function for HOPG in air, 4.475 eV [43], the relative work function for both the tip and 
each case of lithography was calculated using Eq. 3 from Section 2.4.4. The work function 
of the tip was calculated to be ~4.466 eV, which is close to the work function of silicon at 
~4.6 eV (versus 5.6 eV for Pt), indicating the AFM tip had lost its platinum coating. In 
Figure 5-4D, the work function of the tip and the contact potential difference were used to 
map work function of the patterns. The work function of the surface was found to increase, 
with the maximum being ~6.59 eV at 120±10 nN and the minimum being ~6.12 eV for 
40±5 nN. The decrease in surface potential value with increased write force hints to the 
fact that the extent of graphite oxidation could be increasing, as it is well known that surface 
potential is a function of graphite oxidation. This shows a potential relation between write 





Figure 5-4: Change in surface potential as a function of contact force with an 240AC-PP 
cantilever, a sample bias of 10 V, write speed of 100 nm s−1, and ∼55% RH: A) pattern 
width, B) change in surface potential, C) average surface potential for clean HOPG, and 
D) calculated work function. Error bars represent standard deviations recorded along the 
length of a line. Regions are marked on the graph where each type of pattern was observed. 
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5.1.3 Capacitance Gradient Imaging 
 
It is difficult to measure F2ω found in Eq. 2-11, and thereby calculate dC/dz 
directly. The amplitude, A2ω, of the cantilever vibration at frequency f2ω is directly 
proportional to F2ω, and can be measured directly from photodetector signal units (Volts) 
using an additional lock-in amplifier. The change in dC/dz was thus inferred from the 
change in A2ω. The change in A2ω corresponding to Figure 5-1 can be found in Figure 5-
5, and the representational cross-section for each line pattern are shown in Figure B-2. The 
LON pattern shows an increase in dC/dz, which indicates an increase in the εr of the 
Figure 5-5: The A2ω as a function of write force at 20±5 nN, 40±5 nN, 60±5 nN, 80±5 nN, 
100±10 nN, and 120±10 nN, respectively, with an 240AC-PP cantilever, a sample bias of 
10 V, write speed of 100 nm s−1 , and ∼55% RH. (A2ω is a representation of F2ω, which 
indicates change in dC/dz) 
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material. This can be explained by the fact that HOPG has been oxidized during LON, and 
the oxygen moiety increase the orientational (dipolar) polarization of the surface. 
Figure 5-6A mapped the average A2ω of the pattern written with varying force. 
Figure 5-6B shows the A2ω of a clean HOPG area (-2.386±0.003 V). Figure 5-6C takes 
the difference of the A2ω and the average A2ω for HOPG to show the change in A2ω for each 
write force. The change in A2ω recorded for the cracked bumps was ~7.35±1.85 mV for 20, 
40 and 60 nN write forces. When the write force was increased to 80±5 nN into the trench 
region, the A2ω peaked at ~25.9±8.55 mV, however as force continued to increase to 
120±10 nN, the A2ω dropped to only have a peak of ~12.7±3.05 mV. The change in A2ω 
recorded for lines written with 40, 60, 100 and 120 nN was found to be statistically similar. 





Figure 5-6: Representational characteristics of dC/dz as a function of contact force with 
an 240AC-PP cantilever, a sample bias of 10 V, write speed of 100 nm s−1, and ∼55% RH: 
A) average pattern A2ω compared, B) A2ω for clean HOPG, and C) peak A2ω from the 
calculated average. Error bars represent standard deviations recorded along the length of a 
line. Regions are marked on the graph where each type of pattern was observed. (A2ω is a 
representation of F2ω, which indicates change in dC/dz) 
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5.1.4 AFM Tip Condition Post Local Oxidation Nanolithography 
Throughout the LON and KPFM process, the resonance frequency of the 240AC-
PP tip was recorded and compared to its original frequency to find the change in tip mass 
experienced after each action. Actions were split into four categories, two of which were 
surface cleaning and tip crashing. The surface cleaning was performed in contact mode 
with a force of 75±5 nN in a 5x5 µm2 area, while tip crashing was experienced when the 
tip experienced excessive amounts of force against the sample surface, typically found in 
force spectroscopy. The other two categories involved performing LON in different 
manner, one category involved short duration LON (dot pattern) using µs range pulses of 
9 V sample bias, and second category involving extended sessions of LON using DC bias 
(line patterns), as seen in earlier sections. From this experiment, we found that tip crashing 
had the most significant effect on the tip, losing ~5.84±4.46 pg, while surface cleaning had 
the least effect with the tip gaining ~1.72±3.84 pg. The loss of tip mass found during tip 
crashing is reasonable considering the tip has a chance of breaking upon crashing and being 
plucked by the contamination layer. We noticed both mass gain and loss during surface 
cleaning. This is reasonable considering the tip will accumulate surface debris through 
weak forces as the tip mechanically drags along the surface, but would lose some of the 
collected debris as it becomes relatively massive. Similar effect would also be experienced 
with LON, with as high as ~2.29±1.62 pg mass gained during short duration LON, and as 
high as ~3.55±1.69 pg mass gained during extended LON sessions. 
After this test, the 240AC-PP used tip was compared to a pristine tip under a Hitachi 
S-4800 SEM and a Bruker XFlash 6|60 EDS to determine damages the tip experienced and 
what contaminants were collected on its surface. From Figure 5-7, the striking contrast 
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between the unused and used tip can be observed, where the unused tip had a radius of ~33 
nm, but the tip post-LON had a flattened tip radius of ~591 nm. From these images, we can 
infer that the initial tip had been plucked from tip crashing, and the initial platinum coating 
was peeled off. 
 
Figure 5-7: SEM images taken with a Hitachi S-4800 displaying a pristine 240AC-pp tip 
(A-C) and an altered tip from LON (D-F). 
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The EDS measurements were taken at locations marked in Figure 5-8 and EDS 
spectra are shown in Table 5-1 and Table 5-2. The bare cantilever location showed a 
reasonable composition of mostly silicon and platinum. However, for altered portions of 
the AFM probe, contaminated tip 1 and 2, showed a high concentration of carbon and 




Figure 5-8: SEM images collected from a Hitachi S-4800 displaying locations EDS 
readings were collected: A) tested two locations located in the altered region and one 















CONCLUSIONS AND FUTURE WORK 
 
 Conclusion 
In Chapter 4, we characterized the patterns obtained through LON on HOPG as 
the write bias, speed, and force were varied. Different types of patterns–bumps, cracked 
bumps, and trenches–were obtained and characterized using four shape descriptors–pattern 
width, pattern height, cut width and cut depth. With an increase in write bias, the obtained 
pattern type varied from bumps to cracked bumps to trenches. The use of a bias above 7.25 
V resulted in trenches with increased variability in shape descriptor values. Similarly, an 
increase in write speed demonstrated a transition from trenches to cracked bumps to bumps. 
An increase in write force from 75 nN to 150 nN showed a shift in the threshold voltage 
from 4.25 V to just under 3.75 V and formed cracked bumps instead of bumps. These 
findings help solve the mystery of why bumps were not reported at threshold voltages 
before 2008. We believe these findings will be enable uniform reproduction and report of 
LON pattern. 
In Chapter 5, the LON patterns created on HOPG through variation of the write 
force have been studied using KPFM, which shows that the work function of the patterned 
surface increased with use of higher force and dC/dz, which is an indicator change in 
dielectric permittivity, remained statistically similar with write force, with an exception at 
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80 ± 5 nN. Chapter 5 also revealed through calculations made from cantilever resonance 
frequency and SEM scanning that the AFM tip was altered by the LON process. The tip 
underwent significant abrasion and surface contamination, which was verified by EDS. 
 Future Work 
There are two major milestones LON should be able to achieve before its 
introduction as a reliable nanomanufacturing technique–one, control over cuts and 
insulated zones on graphene and thin films, and two, precise control over localized 
conversion of a high conductivity area to a semiconductor with desired work function and 
dielectric permittivity. As seen in previous work and this thesis, LON has focused on large 
scale deformations, with the RH set to 55%. This RH is useful for mastering our 
understanding over the formation of cuts and insulative regions, but if the RH for LON 
were lowered, this would reduce the water bridge volume between the sample and the tip, 
thus regulating the LON reaction volume, and in turn allowing for more precise features to 
be formed. These features are necessary to precisely adjust the surface chemistry. Some of 
these modifications have been made to our Agilent 5420 AFM, as seen in Figure 6-1 and 
Figure 6-2. A new environmental cell was engineered to achieve a humidity as low as 
12.5%. In addition, this environmental cell can maintain a desired RH (see Figure 6-1B), 
house the sample, the EL-USB-2+ RH/temperature sensor, and a clamp to electrically 
connect to the sample. If desired, this environmental cell could also be used to provide 
increased RH through the use of dual gas flow meters and an external bubbler (see Figure 
6-2B and Figure 6-2C). Also, in future studies the tip condition should be checked 
consistently pre- and post-LON using SEM and measurement of tip’s work function using 
KPFM on clean HOPG. 
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Two major aspects of LON that remain to be investigated are: (1) Understanding 
the early events during LON–this would require the write bias to be supplied through an 
external power source capable of providing pulses ranging in the ns-µs range and an 
electrometer capable of measuring the charge flow versus time. I was able to achieve these 
pulses using a function generator (Rigol DG1022). (2) Understanding the effect of 





Figure 6-1: The design of an environmental cell: A) Details the placement of the sample, 
AFM scanner, RH sensor, and electrical connection to sample. B) Finished environmental 
cell displaying component placement before securing to AFM sample stage. C) Shows the 
drop in humidity when nitrogen flow was set to 40 PSI at the following flow parameters. 
D) Cross-section of airflow chamber to reveal muffler effect of the nitrogen flow, BLUE 




Figure 6-2: A) Environmental cell placement in the Agilent 5420 AFM. B) Vwr flow 
meters with stainless steel (right) and glass bead (left) for controlling flow of nitrogen and 
compressed air into the environmental cell. C) external bubbler setup allowing for the 




APPENDIX A  
A.1 Variation of Write Bias 
 
Figure A-3: Topography as a function of sample bias with an Arrow EFM cantilever, a 
write force of 75±5 nN, write speed of 50 nm s−1, ∼55% RH, and in 0.25 V increments: A) 
4.25-4.75 V, B) 5-6.25 V, C) 6.5-7.75 V, and D) 8-9.25 V. 
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A.2 Variation of Write Speed 
 
Figure A-4: Topography as a function of write speed at 50, 100, 200, 500, 750, and 1000 
nm/s, with an Arrow EFM cantilever, a force of 75±5 nN, a humidity level of ∼55% RH, 
and a tip bias was of: A) 6 V, B) 8 V, and C) 10 V. 
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A.3 Variation of Write Force 
 
Figure A-5: Topography as a function of write force with biases at 3.75-4.75 V in 
increments of 0.25 V, with an Arrow EFM cantilever, a humidity level of ∼55% RH, and 





APPENDIX B  
B.1 Surface Potential with Variation in Contact Force 
 
Figure B-6: Cross-sectional comparison of surface potential (red) to topography (black) 
where: A) displayed 20±5 nN (solid lines) and 40±5 nN (dashed lines), B) displayed 60±5 
nN (solid lines) and 80±5 nN (dashed lines), and C) displayed 100±10 nN (solid lines) and 
120±10 nN (dashed lines).  
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B.2 Capacitance Gradient with Variation in Contact Force 
 
Figure B-7: Cross-sectional comparison of the A2ω (blue) to topography (black) where: A) 
displayed 20±5 nN (solid lines) and 40±5 nN (dashed lines), B) displayed 60±5 nN (solid 
lines) and 80±5 nN (dashed lines), and C) displayed 100±10 nN (solid lines) and 120±10 






APPENDIX C  
 
C.1 MATLAB Code for Sader Method 
 
function [k] = Spring_Constant_SADER_METHOD   
%MATLAB code for spring constant of AFM cantilever 
using Sader method 
%Author: Zachary Swart 
  
     L = 240 ; % length of the cantilever beam (in 
microns)  
     b = 40 ; % width of the cantilever beam  (in 
microns) 
     f0 = 66.480 ; % Starting resonant frequency in air 
(kHz) 
     BW = 0.470 ; % Bandwidth of F0 (kHz) 
     Q = F0/BW ; % quality factor (N/m)  
     p = 1.18 ; % Density of air [kg m^-3] 
     Va = 1.86e-5 ; % Viscosity of air [kg m^-1 s^-1] 
      
     % Reynolds number 
     Re = (p*(2*pi*f0*10^3)*(b*10^-6)^2)/(4*Va) ;  
     tau = log10(Re) ;  
  
     % Bessel of the third kind, 0 order 
     K0 = besselk(0,-1i*sqrt(1i*Re)) ; 
     
     % Bessel of the third kind, 1st order 
     K1 = besselk(1,-1i*sqrt(1i*Re)) ;  
  
     %Gamma cir 
     GC = 1 + (4*1i*K1)/(sqrt(1i*Re)*K0) ;  
  
     %Omega for real values 
     Or = (0.91324 - 0.48274*tau + 0.46842*tau.^2 - ... 
     0.12886*tau.^3 + 0.044055*tau.^4 - 
0.0035117*tau.^5 + ... 
     0.00069085*tau.^6)/(1 - 0.56964*tau + 
0.4869*tau.^2 - ...  
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     0.13444*tau.^3 + 0.045155*tau.^4 - 
0.0035862*tau.^5 ... 
     + 0.00069085*tau.^6) ;  
  
     %Omega for imaginary values 
     Oi = (-0.024134 - 0.029256*tau + 0.016294*tau.^2 
... 
     - 0.00010961*tau.^3 + 0.000064577*tau.^4 - 
0.000044510*tau.^5)/ ... 
     (1 - 0.59702*tau + 0.55182*tau.^2 - 0.18357*tau.^3 
+ ... 
     0.079156*tau^4 - 0.014369*tau.^5 + 
0.0028361*tau.^6) ;  
  
     %Omega combined 
     Omega = Or + 1i*Oi ;  
      
     %Gamma rect 
     Gr = GC*Omega ;  
      
     %Spring constant (N/m) 
     k = 0.1906*p*(b*10^-6)^2*L*(10^-
6)*Q*imag(Gr)*(2*pi*f0*10^3)^2 ;  
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C.2 Python Code for Sader Method 
 
# PYTHON code for spring constant of AFM cantilever using Sader method 
# Author: Zachary Swart 
 
import numpy as np 
from scipy.special import kv 
 
L = 240 # length of the cantilever beam (in microns)  
b = 40  # width of the cantilever beam  (in microns) 
f0 = 66.480 # Starting resonant frequency in air (kHz) 
BW = 0.470 # Bandwidth of F0 (kHz) 
Q = F0/BW # quality factor (N/m)  
p = 1.18 # Density of air [kg m^-3] 
Va = 1.86e-5 # Viscosity of air [kg m^-1 s^-1] 
      
# Reynolds number 
Re = (p*(2*np.pi*f0*1e3)*(b*1e-6)**2)/(4*Va)  
tau = np.log10(Re)  
 
# Bessel of the third kind, 0 order 
K0 = kv(0,-1j*np.sqrt(1j*Re)) 
     
# Bessel of the third kind, 1st order 
K1 = kv(1,-1j*np.sqrt(1j*Re)) 
  
# Gamma cir 
GC = 1 + (4*1j*K1)/(np.sqrt(1j*Re)*K0) 
 
# Omega for real values 
Or = (0.91324 - 0.48274*tau + 0.46842*tau**2 - 0.12886*tau**3 + 0.044055*tau**4 - 
0.0035117*tau**5 + 0.00069085*tau**6)/(1 - 0.56964*tau + 0.4869*tau**2 - 
0.13444*tau**3 + 0.045155*tau**4 - 0.0035862*tau**5 + 0.00069085*tau**6) ;  
 
# Omega for imaginary values 
Oi = (-0.024134 - 0.029256*tau + 0.016294*tau**2 - 0.00010961*tau**3 + 
0.000064577*tau**4 - 0.000044510*tau**5)/ (1 - 0.59702*tau + 0.55182*tau**2 - 
0.18357*tau**3 + 0.079156*tau**4 - 0.014369*tau**5 + 0.0028361*tau**6) 
 
# Omega combined 
Omega = Or + 1j*Oi 
      
# Gamma rect 
Gr = GC*Omega 
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# Spring constant (N/m) 





C.3 MATLAB Code for Tip Mass Change 
 
function [M] = Mass_Change 
%MATLAB code for mass change of AFM cantilever 
%Author: Zachary Swart 
  
f0 = 68.480 ; % Starting resonant frequency in air 
(kHz) 
f1 = 68.434 % Later resonant frequency in air (kHz) 
K = 2.177 ;  % Spring constant (N/m) 
  
% Change in mass(pico grams) 




C.4 Python Code for Tip Mass Change 
 
# PYTHON code for mass change of AFM cantilever 
# Author: Zachary Swart 
 
import numpy as np 
from scipy.special import kv 
 
f0 = 68.480 # Starting resonant frequency in air (kHz) 
f1 = 68.434 # Later resonant frequency in air (kHz) 
K = 2.177 # Spring constant (N/m) 
 
# Change in mass(pico grams) 
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